Since the discovery of the first extrasolar giant planets around Sunlike stars 1, 2 , evolving observational capabilities have brought us closer to the detection of true Earth analogues. The size of an exoplanet can be determined when it periodically passes in front of (transits) its parent star, causing a decrease in starlight proportional to its radius. The smallest exoplanet hitherto discovered 3 has a radius 1.42 times that of the Earth's radius (R › ), and hence has 2.9 times its volume. Here we report the discovery of two planets, one Earth-sized (1.03R › ) and the other smaller than the Earth (0.87R › ), orbiting the star Kepler-20, which is already known to host three other, larger, transiting planets 4 . The gravitational pull of the new planets on the parent star is too small to measure with current instrumentation. We apply a statistical method to show that the likelihood of the planetary interpretation of the transit signals is more than three orders of magnitude larger than that of the alternative hypothesis that the signals result from an eclipsing binary star. Theoretical considerations imply that these planets are rocky, with a composition of iron and silicate. The outer planet could have developed a thick water vapour atmosphere.
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Precise photometric time series gathered by the Kepler spacecraft Table 1 . A background star falling within the same photometric aperture as the target and eclipsed by another star or by a planet produces a signal that, when diluted by the light of the target, may appear similar to the observed transits in both depth and shape. The Kepler-20 e and Kepler-20 f signals have undergone careful vetting to rule out certain false positives that might manifest themselves through different depths of odd-and even-numbered transit events, or displacements in the centre of light correlated with the flux variations 6 . High-spatialresolution imaging shows no neighbouring stars capable of causing the signals 4 . Radial-velocity measurements based on spectroscopic observations with the Keck I telescope rule out stars or brown dwarfs orbiting the primary star, but they are not sensitive enough to detect the acceleration of the star due to these putative planetary companions To establish the planetary nature of these signals with confidence we must establish that the planet hypothesis is much more likely than that of a false positive. For this we used the BLENDER procedure [7] [8] [9] , a technique used previously to validate the three smallest known exoplanets, Kepler- . We used BLENDER to identify the allowed range of properties of blends that yield transit light curves matching the photometry of Kepler-20 e and Kepler-20 f. We varied as free parameters the brightness and spectral type (of the stars) or the size (for the planetary companions), the impact parameter, the eccentricity and the longitude of periastron. We simulated large numbers of these scenarios and compared the resulting light curves with the observations. We ruled out fits significantly worse (at the 3s level, or greater) than that of a true transiting planet around the target, and we tabulated all remaining scenarios that were consistent with the Kepler light curves.
We assessed the frequency of blend scenarios through a Monte Carlo experiment in which we randomly drew 8 3 10 5 background main-sequence stars from a Galactic structure model 12 in a onesquare-degree area around the target, and assigned them each a stellar or planetary transiting companion based on the known properties of eclipsing binaries 13 and the size distribution of planet candidates as determined from the Kepler mission itself 14 . We counted how many satisfy the constraints from BLENDER as well as observational constraints from our high-resolution imaging observations and centroid motion analysis 4 , and made use of estimates of the frequencies of larger transiting planets and eclipsing binaries (see Fig. 2 ). In this way we estimated a blend frequency of background stars transited by larger planets of 2.1 3 10 27 and a blend frequency of background eclipsing binaries of 3.1 3 10
28
, yielding a total of 2.4 3 10 27 for Kepler-20 e. Similarly, 4.5 3 10 27 1 1.26 3 10 26 yields a total blend frequency of 1.7 3 10 26 for Kepler-20 f. Another type of false positive consists of a planet transiting another star physically associated with the target star. To assess their frequency we simulated 10 6 such companions in randomly oriented orbits around the target, based on known distributions of periods, masses and eccentricities of binary stars 13 . We excluded those that would have been detected in our high-resolution imaging or that would have an overall colour inconsistent with the observed colour of the target, measured between the Sloan r band (12.423 6 0.017; ref. 14) and the Warm Spitzer 4.5-mm band (10.85 6 0.02; ref. 4). We used BLENDER to determine the range of permitted sizes for the planets as a function of stellar mass, and to each we assigned an eccentricity drawn from the known distribution for close-in exoplanets 15 . The frequency of blends of this kind is 5.0 3 10 27 for Kepler-20 e, and 3.5 3 10 26 for Kepler-20 f. Summing the contributions of background stars and physically bound stars, we find a total blend frequency of 7.4 3 10 27 for Kepler-20 e and 5.2 3 10 26 for Kepler-20 f. We estimated the a priori chance that Kepler-20 has a planet of a similar size as implied by the signal using a 3s criterion as in BLENDER, by calculating the fraction of Kepler objects of interest in the appropriate size range. We counted 102 planet candidates in the radius range allowed by the photometry of Kepler-20 e, and 228 for Kepler-20 f. We made the assumption that only 10% of them are planets (which is conservative in comparison to other estimates of the false positive rate that are an order of magnitude larger 16 ). From numerical simulations, we determined the fraction of the 190,186 Kepler targets for which planets of the size of Kepler-20 e and Kepler-20 f could have been detected (17.4% and 16.0%, respectively), using actual noise levels. We then calculated the planet priors (the a priori chance of a planet) to be (102 3 10%)/(190,186 3 17.4%) 5 3.1 3 10
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for Kepler-20 e, and (228 3 10%)/(190,186 3 16.0%) 5 7.5 3 10
24 for Kepler-20 f. These priors ignore the fact that Kepler-20 is more likely to have a transiting planet at the periods of Kepler-20 e and Kepler-20 f than a random Kepler target, because the star is already known to have three other transiting planets, and multi-planet systems tend to be coplanar 17 . When accounting for this using the procedure described for the validation of Kepler-18 d (ref. 18) , we find that the flatness of the system increases the transit probability from 7.7% to 63% for Kepler-20 e, and from 3.7% to 35% for Kepler-20 f. With this coplanarity boost, the planet priors increase to 2. With these values and the use of stellar evolution models 22 , we derived the stellar mass, radius, luminosity, distance and mean density. The transit and orbital parameters (period, time of centre of transit, radius ratio, scaled semi-major axis, impact parameter and orbital inclination) for the five planets in the Kepler-20 system were derived jointly based on the Kepler photometry using a Markov-chain Monte Carlo procedure with the mean stellar density as a prior 4 . The parameters above are based on an eccentricity constraint: that the orbits do not cross each other. After calculating the above parameters, we performed a suite of N-body integrations to estimate the maximum eccentricity for each planet consistent with dynamical stability 4 . The N-body simulations provide similar constraints on the maximum eccentricity and justify the assumption of non-crossing orbits. The planetary spectroscopic mass limits are the 2s upper limits determined from the radial velocity analysis based on the Keck radial velocity measurements. Planet interior models provide further useful constraints on mass and inferences on composition 23 . Assuming Kepler-20 e and Kepler-20 f are rocky bodies comprised of iron and silicates, and considering the uncertainty on their radii, the planet masses are constrained to be 0.39M› , Mp , 1.67M› for Kepler-20 e, and 0.66M› , Mp , 3.04M› for Kepler-20 f. The lower and upper mass bounds are set by a homogeneous silicate composition and by the densest composition from a model of planet formation with collisional mantle stripping 24 . The planet equilibrium temperatures assume an Earth-like Bond albedo of 0.3, isotropic redistribution of heat for reradiation, and a circular orbit. The errors in these quantities reflect only the uncertainty due to the stellar luminosity. ). We examined non-main-sequence stars as alternatives to either object of the blend eclipsing pair, but found that they either do not reproduce the observed transit shape well enough, or are much less common (,1%) than main-sequence blends. . The solid lines are homogeneous compositions: water ice (solid blue), MgSiO 3 perovskite (solid red), and iron (magenta). The non-solid lines are mass-radius relations for differentiated planets: 75% water ice, 22% silicate shell and 3% iron core (dashed blue); Ganymede-like with 45% water ice, 48.5% silicate shell and 6.5% iron core (dot-dashed blue); 25% water ice, 52.5% silicate shell and 22.5% iron core (dotted blue); approximately Earth-like with 67.5% silicate mantle and 32.5% iron core (dashed red); and Mercury-like with 30% silicate mantle and 70% iron core (dotted red). The dashed magenta curve corresponds to the density limit from a formation model 24 . The minimum density for Kepler-20 e corresponds to a 100% silicate composition, because this highly irradiated small planet could not keep a water reservoir. The minimum density for Kepler-20 f follows the 75% water-ice composition, representative of the maximum water content of comet-like mix of primordial material in our Solar System 28 .
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blend frequencies, we find that the hypothesis of an Earth-size planet for Kepler-20 e is 3,400 times more likely than that of a false positive, and 1,370 times for Kepler-20 f. Both of these odds ratios are sufficiently large to validate these objects with very high confidence as Earth-size exoplanets.
With measured radii close to that of the Earth, Kepler-20 e and Kepler-20 f could have bulk compositions similar to Earth's (approximately 32% iron core, 68% silicate mantle by mass; see Fig. 3 ), although in the absence of a measured mass the composition cannot be determined unambiguously. We infer that the two planets almost certainly do not have a hydrogen-dominated gas layer, because this would readily be lost to atmospheric escape owing to their small sizes and high equilibrium temperatures. A planet with several per cent water content by mass surrounding a rocky interior is a possibility for Kepler-20 f, but not for Kepler-20 e. If the planets formed beyond the snowline from a comet-like mix of primordial material and then migrated closer to the star, Kepler-20 f could retain its water reservoir for several billion years in its current orbit, but the more highly irradiated Kepler-20 e would probably lose its water reservoir to extreme-ultraviolet-driven escape within a few hundred million years 19 . In this scenario, Kepler-20 f could develop a thick vapour atmosphere with a mass of 0.05M › that would protect the planet surface from further vaporization 20 .
From the theoretical mass estimates in 
